We evaluated genetic variation in Gapper's red-backed vole (Clethrionomys gapperi) at 2 microsatellite DNA loci and related our results to the biogeographic history of the southern Appalachians. To investigate population genetic structuring within relictual habitats, 222 individuals were sampled from 9 sites, including 2 populations suspected to have been isolated since the Wisconsin glacial retreat. Genetic structuring was evident among the majority of the sampled populations. Unbiased estimates of exact P-values revealed significant allelic differentiation between 15 of 36 population pairs. Overall estimates of F ST and were 0.07 and 0.10, respectively, indicating moderate genetic subdivision. Overall gene flow was estimated indirectly with 3 methods and was 1.13-4.44 migrants/generation. The hypothesized isolation of 2 islandlike populations at Massanutten and Peaks of Otter was supported by our data and was most apparent in the Massanutten population, where genetic diversity was low compared with all other populations. The unique genetic structure of the population at Massanutten also may be related to habitat disturbances. Genetic patterns observed in relict populations of the red-backed vole may provide insight into genetic structuring of codistributed boreal populations in the southern Appalachians.
Gapper's red-backed vole (Clethrionomys gapperi) is often the most abundant small mammal in suitable habitats (Healy and Brooks 1988) and plays a considerable role in the biological diversity and trophic structure of North American boreal forests (Merritt 1981) . The red-backed vole is distributed transcontinentally throughout much of northern North America (Fig. 1) , with southern extensions along the Rocky Mountains to New Mexico and along the Appalachian Mountains to northern Georgia (Hall 1981; Wharton and White 1967) . In the southern Appalachians, boreal habitat requirements generally restrict distribution to elevations Ͼ610 m (Handley and Patton 1947; Webster et al. 1989 ).
* Correspondent: jpagels@saturn.vcu.edu The distribution of C. gapperi in Virginia is a circumstance of the last glacial period and Virginia's unique physiography (Handley 1971) . Wisconsin glacial advances allowed the southerly expansion of the range of C. gapperi and numerous other boreal forms into the southern United States (Graham 1976; Handley 1971) . After glacial retreat and postglacial warming, boreal habitats contracted northward, and as a result, populations of C. gapperi in the southern Appalachian Mountains currently inhabit only high-elevation areas where requisite boreal habitat is available. Throughout much of this area, we expected that such habitat is relatively continuous, particularly along ridgelines. However, we suspected that at some locations, extant populations may be effectively isolated on mountaintop ''islands,'' where low-elevation boundaries act as barriers to migration. One of these islandlike regions is formed in the Peaks of Otter (PO) area by the James River valley to the north and by a low-elevation region associated with Roanoke River to the south. A 2nd habitat island exists at Massanutten Mountain (MA), a small series of mountains in northern Virginia that are bounded by the confluence of the north and south forks of the Shenandoah River and by adjacent low-elevation regions. C. gapperi on these habitat islands likely have been separated from larger, more continuous populations of C. gapperi since the last glacial period, about 9,000-12,000 years ago.
Although numerous studies have examined subdivision in isolated mammal populations (Browne 1977; Loxterman et al. 1998; Stewart and Baker 1991; Wayne et al. 1991) , few researchers have investigated the genetic structure of relict boreal populations that are distributed across large but potentially fragmented areas. The generally high abundance of C. gapperi and its presence in both continuously distributed and islandlike habitats suggest that it may be a useful species-system for understanding how post-Pleistocene fragmentation affected boreal animals in the southeast (e.g., water shrew, Sorex palustris- Pagels et al. 1998 ; northern flying squirrel, Glaucomys sabrinus- Pagels et al. 1990; and rock vole, Microtus chrotorrhinus-Orrock et al. 1999) .
We hypothesized that populations of C. gapperi are genetically distinct from one another because of isolation by distance; therefore, geographically proximate populations would be more genetically similar than geographically distant populations. Furthermore, we hypothesized that the islandlike populations at MA and PO are sufficiently isolated as to be genetically distinct. We also hypothesized that, because of their history and current isolation, the 2 islandlike populations would be characterized by lower genetic diversity than continuously distributed populations.
MATERIALS AND METHODS
Sampling.-Two hundred twenty-two C. gapperi were collected in 1995-1997 at 9 sites ( Fig.  1 ; acronyms of sites are defined in Appendix I). In the majority of cases, individual populations were sampled in a single year. However, in the few instances where samples for a population were collected in Ͼ1 year, tests for genetic heterogeneity were performed before pooling temporal subsamples of those populations.
Specimens were placed on ice in the field and frozen whole at Ϫ20ЊC upon return to the laboratory. Dissections of heart, liver, and kidney tissue were performed on ice, and samples were stored at Ϫ80ЊC. When pregnant females were dissected, fetuses were frozen and processed as separate individuals. After dissection, flat skins and skulls were prepared, catalogued, and deposited in the Virginia Commonwealth University Mammal Collection.
Molecular markers.-To detect the broadest range of genetic diversity possible, we selected microsatellite DNA as the genetic character by which to investigate populations of C. gapperi. Microsatellites are short (1-6 base pairs), tandemly repeated DNA sequences (Queller et al. 1993; Tautz 1989; Tautz and Renz 1984) that are found throughout the eukaryotic genome and vary in length and repeat sequence (Beckmann and Weber 1992; Tautz and Renz 1984; Weber and May 1989) . Mutation rates for genetic markers such as allozymes and mitochondrial DNA are rather small, on the order of 10 Ϫ6 mutations/ generation (Nei 1987) . However, mutations arise more frequently at microsatellite loci, on the order of 10 Ϫ2 -10 Ϫ5 mutations/generation (Edwards et al. 1992; Lehmann et al. 1996; Tautz 1989; Weber and Wong 1993) , allowing fine-grained analysis of variation among populations. These repetitive microsatellite sequences serve no known purpose in the genome, and their presence is poorly understood; however, their ubiquity and high degree of polymorphism make microsatellites useful markers for evaluating genetic differences among populations. As an additional benefit, priming sites for microsatellite loci often are conserved among closely related species, enabling use of primers in related taxa. Conservation of primer sites can serve to expedite studies of organisms for which microsatellites have not yet been sequenced. Cross-species priming has been applied successfully in shrews (Balloux et al. 1998) , primates (Garza et al. 1995) , artiodactyls (Engel et al. 1996; Forbes et al. 1995) , rodents (Moncrief et al. 1997) , and canids (Gottelli et al. 1994; Lade et al. 1996) . Microsatellite techniques were employed in the current study using primers developed by Ishibashi et al. (1995) for the Japanese grey redbacked vole (Clethrionomys rufocanus) and Gockel et al. (1997) for Clethrionomys glareolus.
The DNA was extracted from liver samples using a procedure modified from Saghai-Maroof et al. (1984) and rehydrated in 100 l of distilled water. Polymerase chain reaction amplification was carried out using 5 primer pairs designed for microsatellite loci in C. rufocanus (Ishibashi et al. 1995) and 2 primer pairs designed by Gockel et al. (1997) for C. glareolus. Only 2 of these 7 loci, MSCR2 and MSCR5 (Ishibashi et al. 1995) , were amplified consistently, and both produced products of 147-214 base pairs. Both loci were optimized by designing new primers using PrimerSelect (version 3.11, DNAStar, Inc., Madison, Wisconsin). The new primers, designated MSCRB2Ј (upper 5Ј-AGG GTG AGT ATG CCA ATC A-3Ј; lower 3Ј-CT GTG ATA TGC TGT CAA ATG TAAT-5Ј) and MSCRB5Ј (upper 5Ј-TTA GGT TGG TGT TTG CAT TTA G-3Ј; lower 3Ј-T TTT TGC ACG TAC GTA TAT TTG-5Ј), produced smaller, more easily scored amplification products of 68-136 base pairs.
Amplification of samples was performed in 200-l microfuge tubes using an MJ Research PTC-100 thermal cycler (MJ Research, Waltham, Massachusetts) . Each 25-l reaction included 1 l of extracted vole DNA, 10 mM TrisHCl (pH 8.3), 1.5 mM MgCl 2 , 0.1% Triton X-100, 0.005% gelatine, 800 M deoxynucleoside triphosphates, and 0.75 units of Taq FL DNA polymerase (Display Systems Biotech, Vista, California) beneath an overlay of mineral oil. After an initial 3-min denaturing step at 94ЊC, 5 l of primers (0.8 M each) were added to the reaction. Twenty-eight cycles of polymerase chain reaction were performed for MSCRB2Ј, with each cycle consisting of 30 s of denaturing at 90ЊC, 30 s of annealing at 52ЊC, and 10 s of extension at 72ЊC. Thirty-five cycles of polymerase chain reaction were performed for MSCRB5Ј, consisting of 30 s of denaturing at 90ЊC, 30 s of annealing at 46ЊC, and 10 s of extension at 72ЊC.
Amplification products of MSCRB2Ј and MSCRB5Ј were electrophoresed on 8% and 9% polyacrylamide gels, respectively. Each 25-lane gel included polymerase chain reaction amplifications from 20 individuals, 3 lanes of a 20-base pair molecular ruler (BioRad, Hercules, California), and 2 lanes of amplification standards as internal controls. Gels were stained with SYBRGreen I nucleic acid stain (Molecular Probes, Eugene, Oregon), and microsatellite alleles were visualized and photographed under ultraviolet transillumination.
Verification of inheritance.-Occasionally, mutations at the priming site of 1 allele will prevent primer annealing, resulting in only a single product for that individual. Such missing or ''null alleles,'' are well known for proteins (Foltz 1986 ), variable-number tandem repeat loci , and microsatellites (Ishibashi et al. 1996; Ortí et al. 1997) . In some cases, nonamplification of 1 allele is difficult to discriminate from amplification of 2 identical and comigrating alleles (i.e., a homozygote). As a result, heterozygous individuals with null alleles may be falsely identified as homozygotes, resulting in erroneous estimations of equilibrium and inbreeding parameters. Although presence of null alleles warrants caution in any population genetic study (Callen et al. 1993; Pemberton et al. 1995) , careful examination of the data and information from known mother-offspring pairs can alleviate that concern. In our study, inheritance of microsatellite alleles was examined in 33 known mother-offspring families.
Statistical methods.-GENEPOP version 3.1b (Raymond and Rousset 1995a) software was used to analyze genetic data and calculate allele frequencies and genotypic proportions. Linkage disequilibrium was tested with the probability test using a Markov chain method (Guo and Thompson 1992) ; global tests were performed across all populations with Fisher's method. Deviation from Hardy-Weinberg expectations was examined with exact P-values that were estimated using a Markov chain method to test for heterozygote excess and heterozygote deficiency for each locus in each population. Population differentiaton was tested by calculating unbiased estimates of P-values of the probability test (Raymond and Rousset 1995b) for each locus using the Markov chain method. All Markov chains consisted of 1,000 dememorization steps, 200 batches, and 2,000 iterations. In each instance where multiple independent tests were performed, significance levels (␣) were determined by Bonferroni correction (Rice 1989) .
F-statistics (Weir and Cockerham 1984; Wright 1943 Wright , 1951 Wright , 1965 were calculated with FSTAT (Goudet 1995) to examine genetic structuring of populations. F IS was calculated for each population and across all populations. F ST was calculated for each population pair and across all populations and incorporated information about population sample sizes and total sample size (Cockerham 1973; Weir and Cockerham 1984) . The probability that an F IS -or F ST -value was greater than 0 was tested using 200 permutations. For comparison, overall and pairwise values of , an unbiased estimator of Slatkin's (1995) R ST , were calculated using Goodman's (1997) RSTCALC program. Nei's standard genetic distance (D S ; Nei 1987) was calculated for each population pair using MICROSAT Version 1.5d (Minch 1997) . PHYLIP phylogenetic software (Felsenstein 1993 ) was used to obtain a neighbor-joining tree (Saitou and Nei 1987) based on D S values. One hundred bootstrapped data sets were created from the original allele frequency data with SEQBOOT, and the program GENDIST created a series of distance matrices for each resampled data set. NEIGHBOR was used to construct trees and CONSENSE was used to generate a consensus tree.
Isolation by distance was estimated using map distances (km) between each pair of populations. The relationship between D S and geographic distance was tested across all populations with Mantel's (1967) general regression test. That relationship also was examined hierarchically for populations within the Ridge and Valley (see Fig. 1 ), with and without island populations (MA and PO), and with and without southwestern populations (RF and CM). Effective number of migrants per generation (N e m) was estimated indirectly by 3 different methods. The 1st estimation of N e m was made using the relationship between F ST and migration expressed by Wright (1951) . However, migration rates based on F ST for microsatellite loci may be overestimated because those estimates fail to account for unique mutational processes that create microsatellites (Slatkin 1995) . Therefore, effective migration rate was estimated by a 2nd method using values of that were substituted for R ST in Slatkin's formula. Unlike calculations based on F ST , that method incorporated information on differences in allele sizes. Finally, a comparative overall estimate of migration within the total sample was derived based on the private alleles method (Barton and Slatkin 1986; Slatkin 1985) as calculated by GENEPOP. That method relied on the expectation that private alleles reached high frequencies in a population only when the migration rate was low enough to prevent homogenizing effects of outbreeding.
RESULTS
Verification of inheritance.-In 33 mother-offspring comparisons, we verified that progeny inherited 1 allele from the mother and that alleles were inherited in a codominant fashion. No evidence was found for null alleles at either locus within those families.
Within-sample genetic variation.-Both loci were highly polymorphic in populations of C. gapperi. Twenty-two alleles were detected at MSCRB2Ј and 8 were detected at MSCRB5Ј. The overall mean number of alleles was 8. The average total number of alleles per population (Table 1) ranged from 4 at MA to 11 at HT. Average expected heterozygosities were moderate to high in most samples, ranging from 0.37 at MA to 0.83 at CR and RF (Table 1) . Only 1 sample, HT, showed a significant deviation from Hardy-Weinberg equilibrium (P ϭ 0.013) at 1 locus, MSCRB2Ј. With a total of 48 such tests, Ն2 samples were expected to deviate from Hardy-Weinberg equilibrium by chance at P ϭ 0.05, and the deviation at HT was not significant (P Ͼ 0.006) after Bonferroni adjustment. Private alleles for MSCRB2Ј were present at low frequencies in 3 samples: CM (0.048), HT (0.028), and PO (0.023). No private alleles were observed at MSCRB5Ј. No linkage disequilibrium was detected across all samples and loci ( 2 ϭ 25.48, P ϭ 0.062). Linkage disequilibrium was detected within the SK sample (P Ͻ 0.006).
Among-sample genetic variation.-Allele frequencies were not homogeneous among samples ( 2 ϭ ϱ, P Ͻ 0.001), indicating significant genic differentiation among sites. After Bonferroni correction, 18 of 36 population pairs differed (P Ͻ 0.003) at MSCRB5Ј, and 20 of 36 pairs differed at MSCRB2Ј. Fifteen of 36 pairs of populations differed at both loci; the majority of those differences involved the CM, PO, and MA populations. Genetic subdivision estimated by F-statistics yielded an average overall F IS of Ϫ0.012 that was not greater than 0 (P Ͻ 0.05). F IS -values (Table 2) (Table 2) , and the lowest estimate of F ST (0.002) occurred between PK, in the northern Ridge and Valley, and GR, in the southern Blue Ridge. The overall estimate of was 0.100 (Table 2) . Component estimates were greatest (Ͼ0.20) between RF and numerous sites and were lowest between SK and GR (a northern and a southern population) and between HT and PO. Negative values of implied greater differentiation within those samples than was found between populations.
Estimates of D S between population pairs ranged from 0.001 between PK and GR to 0.609 between MA and CM (Table 3) . A neighbor-joining tree based on D S resulted in clustering of northern Ridge and Valley populations and segregation of 2 of the southern populations, CM and RF (Fig. 2) . Those analyses also indicated that GR, 1 of 3 southern populations, was related more closely to several northern samples than to the other 2 southern populations.
Across the range of sampled populations, no relationship was found between genetic D S and geographic distance (r 2 ϭ 0.12, P ϭ 0.302). However, testing of that relationship within the Ridge and Valley physiographic province (where 7 of 9 populations were located) indicated that genetic distance was related positively to geographic distance between populations (r 2 ϭ 0.72, P Ͻ 0.001). Without the island population MA, a positive relationship was maintained between geographic and genetic distance for the Ridge and Valley assemblage (r 2 ϭ 0.64, P ϭ 0.005). Regression of geographic and genetic distance using only northern populations (CR, HT, MA, PK, PO, and SK) yielded an r 2 of 0.46 (P ϭ 0.005). No other combinations yielded significant relationships between geographic and genetic distance.
Estimation of N e m over all populations by the private-alleles method suggested 4.44 migrants/generation. Using the average overall F ST (0.07) to estimate migration yielded a similar estimate of 3.32 migrants/ generation. Migration rate estimated from the average overall (0.10) was lower, yielding 1.13 migrants/generation. Estimates of migration were unchanged after removal of the island samples (MA and PO) from calculations, indicating that the islandlike nature of those samples did not depress overall estimates. However, estimates of migration increased after removal of the southwestern populations, CM and RF, from calculations. F ST -based N e m estimates ranged from 0.72 between MA and CM to 124.75 between PK and GR (Table 4) . Rhobased estimates of effective migration (M R ) ranged from 0.23 between RF and PO to rates approximating panmixis between populations GR and SK and between HT and PO.
DISCUSSION
Genetic variability.-Our study discriminated among populations of C. gapperi based on the cross-species amplification of 2 microsatellite loci. Two of 5 loci for C. rufocanus described by Ishibashi et al. (1995) were useful in analysis of C. gapperi. Similar numbers of alleles were observed at the MSCRB2Ј and MSCRB5Ј loci in both C. rufocanus (20 and 9 alleles, respectively, by Ishibashi et al. 1995) and C. gapperi (22 and 8 alleles, respectively).
In our survey, lack of significant deviation from Hardy-Weinberg equilibrium and low overall F IS -values supported the assumption that populations of C. gapperi were near equilibrium and were randomly mating. Although null alleles have the potential to confound Hardy-Weinberg and inbreeding analyses (Jarne and Lagoda 1996) , failure to detect a significant heterozygote deficit or homozygote excess in any sample points to the absence of high-frequency null alleles, as does the apparent Mendelian inheritance of alleles in 33 mother-offspring comparisons.
Estimates of heterozygosity for populations of C. gapperi (range ϭ 0.37-0.83) were within those reported in other microsatellite studies of rodents. Ishibashi et al. (1995) reported expected heterozygosities of 0.35-0.76 in C. rufocanus. Similar heterozygosities of 0.51-0.72 were reported for the house mouse (Mus musculus- Dallas et al. 1995) .
Measures of population differentiation.-Significant allelic differentiation among the majority of population pairs indicates considerable population genetic structuring. Although the overall estimate of F ST was 0.07, indicating that only 7% of the diversity in the total sample was due to differences among the populations, larger F ST -values were observed among a number of population pairs, with F ST Ͼ 0.20 for 4 of these pairs. Each of these pairs included MA and 1 included PO, 2 sites presumed at the outset of the study to function as island populations. The overall estimate of also supported population structuring. The largest pairwise estimates of were observed between southwestern population RF and the 2 island populations and between RF and northern Ridge and Valley sites. Pairwise estimates of D S were largest between CM and MA, and many of the most genetically distinct comparisons involved CM and RF (southwestern populations) and PO and MA (island populations). Overall, D S implied that MA was quite different from the majority of the other populations. PO also differed but to a lesser degree. Both F ST and revealed surprising similarities between GR (located in the extreme southern Blue Ridge) and several northern Ridge and Valley populations. This trend also was illustrated by D S values used to construct the neighbor-joining tree (Fig. 2) .
The degree of genetic similarity (based on F ST , , and D S ) observed among 2 of the northern Ridge and Valley populations and the southern Blue Ridge GR population was unexpected based on geographic distance between these populations. This similarity may be due to chance, the result of limited population sampling, or allelic convergence from microsatellite mutation. Alternatively, factors such as recent population bottlenecks may have played a role in altering gene frequencies from those expected by geographic distance among these populations. These similarities also may stem from a relatively recent separation of the GR population from ancestral northern populations, similar to the pattern of rapid postglacial range expansion in northern flying squirrel (Glaucomys sabrinus) postulated by Arbogast (1999) . Analogous patterns of post-Wisconsin dispersal may have occurred in C. gapperi. Greater sampling effort in this region of the Appalachians is recommended to elucidate relationships involving these populations. Loxterman et al. 1998) . The overall estimate of effective migration rate using private alleles (4.44 migrants/generation) was similar to estimates obtained from F ST (3.32 migrants/generation); however, both produced estimates considerably larger than the estimate from . Similar discrepancies were observed in grey seals (Halichoerus grypus), with 41 migrants/generation from F ST -based measures compared to 13.8 from R ST (Allen et al. 1995) and in American shad (Alosa sapidissima, 39.4 from F ST and 10.4 from R ST -Waters et al. 2000) .
By convention, N e m Ͼ 1 is thought to be sufficient to maintain genetic homogeneity over disruptive influences of mutation and drift, whereas lower gene flow is expected to contribute to population heterogeneity (Slatkin 1987) . In our study, moderate estimates of overall effective migration did not corroborate numerous significant differences in allele frequency that were observed between many of the population pairs. The most apparent explanation for our N e m estimates is that 5 of the 9 populations were either islands or were separated by distance from continuous populations of C. gapperi in the northern Ridge and Valley. Orrock et al. (2000) noted significant differences in local abundance of C. gapperi by microhabitat type. Such habitat mosaics may influence vole distribution and may play a role in inhibiting exchange of alleles in regions where high-elevation habitat is otherwise continuous.
Glaciation, isolation, and conservation.-The most obvious mechanisms that would influence population differentiation in C. gapperi in Virginia are vicariance and dispersal. Populations of C. gapperi in Virginia seem to have diverged only moderately in the last 9,000-12,000 years, although island populations and southwestern populations seem more genetically divergent. The latter observation may be the effect of repeated glaciation events during the Pleistocene, during which boreal populations became restricted to southern refugia and subsequently were displaced northward upon glacial retreat. Several such events may have placed genetically divergent ancestral populations of C. gapperi in close association, as may be the case in southern Virginia (RF, CM, and GR), and these differences seem to have been maintained to a detectable degree.
Dispersal is unlikely to be the primary factor influencing distribution of C. gapperi. Because of the intervening stretches of uninhabitable low-elevation areas that surround MA and PO, dispersal would not be an effective means of colonizing (or recolonizing) these islandlike areas. Isolation of C. gapperi populations at MA and PO is more likely the result of post-Pleistocene glacial retreat. Fossil evidence examined by Guilday et al. (1977) indicated that C. gapperi once was prevalent in low-elevation regions in Virginia. The implication of the current isolation of C. gapperi at MA and PO is that after glacial retreat, this species was stranded in the remaining appropriate boreal habitat found only in high-elevation areas. Physical separation of islands from continuously distributed populations is supported by the structure of genetic differentiation detected within and among these populations. Both MA and PO exhibited large levels of genetic differentiation by multiple independent measures, and the island nature of both populations also was supported by effective migration rate estimates. Other than the southwestern populations, no population other than MA and PO had N e m estimates Ͻ 1, and 3 of 4 M R estimates Ͻ 1 involved MA and PO. Although a final indication of isolation for MA was low genetic diversity, diminished diversity was not observed at PO. Higher genetic diversity in the PO population may be due to a larger founding population, greater habitat area, or fewer habitat disturbances.
The depauperate genetic nature of the MA population is striking. This population was characterized by low heterozygosity (H e ϭ 0.37), low numbers of observed alleles (average number of alleles ϭ 4), and many high pairwise F ST -values (Ͼ0.2), each supporting the hypothesis that MA is effectively isolated. Expected heterozygosity for MA was 36% less than the most geographically proximal population (SK) and 55% less than the most distant population (RF). The MA population exhibited fewer alleles than all other populations in the survey (a minimum of 25% fewer alleles at locus 5 and 50% fewer at locus 2). These characteristics bear similarities to those of other organisms inhabiting islands. Paetkau et al. (1998) observed low heterozygosity (H e ϭ 0.26) in a Kodiak Island population of brown bears (Ursus arctos) separated from the mainland for about 10,000 years, and allele frequencies 50-85% lower than frequencies of the same loci in comparable mainland populations. Similarly, Paetkau and Strobeck (1994) recorded an average expected heterozygosity of 0.36 and a 60-80% reduction in numbers of alleles in island populations of black bears (Ursus americanus) that were separated from mainland populations for Յ12,000 years. F ST -values similar to the range we report were recorded by Lade et al. (1996) for island populations of red fox (Vulpes vulpes) between Phillip Island and 3 mainland populations in Australia. Although each of these studies differs from ours in terms of organism studied and number of loci utilized, the general effect of isolation on genetic diversity is a likely common factor.
Genetic and conservation theories predict that small isolated populations will lose genetic variation over time (Avise 1994; Frankel and Soulé 1981; MacArthur and Wilson 1967; Saunders et al. 1991) . The MA population almost certainly experienced a founder effect as a result of postglacial warming and subsequent habitat reduction; however, low genetic diversity of the MA population also may be due to a more recent population reduction resulting from habitat modification. Significant anthropogenic habitat modification has occurred at MA in the form of logging and agriculture, deforestation by gypsy moths, erosion, and development. As a result of the reduction in suitable boreal habitat, populations at that site may have experienced allelic losses through bottlenecks and inbreeding.
Clethrionomys gapperi and other boreal organisms at MA may benefit from additional research and management attention. This study adds to our general knowledge of the biogeographic history and population genetic structure of C. gapperi and provides a baseline for monitoring future genetic changes in these populations. However, further genetic analyses and greater geographic coverage in the southeastern boreal forests are recommended to deduce with confidence larger patterns of genetic composition of populations and evaluate disruptive effects of habitat modification. 
